Recent studies have suggested that the relatively large size of the vomeronasal neuroepithelium (VNNE) in the male mammal may be related inversely to the amount of parental care contributed. We tested this hypothesis using 2 species of Microtus that differ in reproductive strategies and in level of care of the offspring. We studied the nasal tissues of 8 male meadow voles (Microtus pennsylvanicus) and 8 male prairie voles (M. ochrogaster), captured between June and August, 1998. The heads were prepared histologically for serial sectioning at 10-16 m, and stained with hematoxylin and eosin. Sections were examined by light microscopy, and the VNNE was quantified for each specimen using a computer 3-dimensional reconstruction technique. Receptor cells also were quantified with a Leica photomicroscope using an ocular grid calibrated by a stage micrometer. No (P Ͼ 0.05) differences occurred between species for length or volume of the VNNE when expressed as absolute measures or as ratios of somatic measures. No (P Ͼ 0.05) differences occurred in receptor population between species. Although testicular weight seemed to show a positive allometric relationship with body size, no such association was seen for VNNE measurements. Our results do not support the hypothesis that VNNE size is associated negatively with the level of parental care by male voles. Multiple factors may influence size of the VNNE in wild Microtus, which likely include an interaction of the genome, behavior, and environment.
* Correspondent: timothy.smith@sru.edu chemical cues compared with the main olfactory system (Powers and Winans 1975) , functioning in inter-and intrasexual communication (Wysocki and Lepri 1991; Wysocki and Meredith 1987) . Factors that determine size of accessory olfactory structures recently have become a focus of investigation (Larriva-Sahd and Matsumoto 1994; Vinader-Caerols et al. 1998) . The suggestion has been made that hormonal factors (Segovia and Guillamón 1982) , behavior (e.g., primer effects of pheromones -Simerly 1990) , and allometric influences (Dawley et al. 1999 ) affect VNO size. Emerging from these investigations are hypotheses that primarily concern the male vertebrate. Dawley and Crowder (1995) suggested that the relatively larger VNOs of male compared with female salamanders (Plethodon) are related to matefinding activities. Regarding rats (Rattus), Guillamón (1993, 1996) hypothesized that sexual dimorphism of accessory olfactory system components (in which males have larger VNOs) ''helps inhibit the expression of feminine reproductive behaviors (sexual and maternal) in male rats '' (1993:66) and ''might be related to the facilitation of masculine behavior '' (1996:622) . Specifically, they suggested that larger accessory olfactory structures correlate with a decreased level of parental care by males and increased tendency toward aggressive (''masculine'') behaviors. This interpretation corresponds to experimental investigations on rodents, where lesioning of vomeronasal nerves or surgical removal of the VNO eliminates aggressive behavior (Mennella and Moltz 1988; Wekesa and Lepri 1994; Wysocki and Meredith 1987) .
No studies have addressed the above hypotheses by examining VNO size in wild mammals, in which the study of the association between the VNO and parental behavior is difficult. We relied on existing behavioral data to select species. Microtus species have well-developed, functional VNOs (Lepri and Wysocki 1987; Lepri et al. 1990; Wekesa and Lepri 1994) and show highly variable patterns of parental care that have been related to differing mating systems (Gruder-Adams and Getz 1985) . For example, M. pennsylvanicus is a promiscuous species (Madison 1980; Oliveras and Novak 1986) in which males rarely contribute to care of young (Gruder-Adams and Getz 1985; Oliveras and Novak 1986; Wilson 1982) . In contrast, M. ochrogaster exhibits frequent pair-bonding (Getz et al. 1987; Gruder-Adams and Getz 1985) , with males contributing more parental care compared to M. pennsylvanicus (Gruder-Adams and Getz 1985; Oliveras and Novak 1986; Wilson 1982) , and in which both parents may contribute equally to care of young (Thomas and Birney 1979) . Most data on the degree of paternal care were derived from controlled laboratory studies. However, Gruder-Adams and Getz (1985) conducted their study in a seminatural environment and concluded that species differences in paternal behavior also are applicable to field conditions. Using a wild-caught sample of M. pennsylvanicus and M. ochrogaster, we tested the prediction that size of the vomeronasal neuroepithelium (VNNE) in males is smaller in species that contribute more paternal care (Segovia and Guillamón 1993) .
MATERIALS AND METHODS
We studied 16 male specimens of M. pennsylvanicus (n ϭ 8) and M. ochrogaster (n ϭ 8), captured in June-August 1998. The appropriate sample was calculated using G-Power computer program (F. Faul and E. Erdfelder, Bonn FRG, Department of Psychology, Bonn University, Bonn, Germany) based on published data on rats Guillamón 1982, 1993) . M. pennsylvanicus was trapped in Pittsburgh, Pennsylvania (Allegheny County), and Slippery Rock, Pennsylvania (Butler County). M. ochrogaster was trapped in Bloomington, Indiana (Monroe County). All experimental procedures were reviewed and approved by the Institutional Animal Care and Use Committee of Slippery Rock University. All animals were captured using live traps. Initially, species were identified based on pelage characteristics (Reich 1981; Stalling 1990) . Identification was later verified by examination of the 3rd upper molar (Reich 1981; Stalling 1990 ). Specimens were selected based on body length and weight that indicated sexual maturity (Keller and Krebs 1970; Nadeau 1985) and were killed by cervical dislocation. Sexual maturity was later verified histologically by presence of sperm in the epididymis (Nadeau 1985) . Date, body weight (to the nearest 0.01 g), testicular weight with and without the epididy- mis (to the nearest 0.001 g), and selected external linear measurements were recorded after the animal was killed. The skin over the heads was then slit open, and specimens were immersed in 10% buffered formalin. Before histologic processing, each head was dissected to obtain craniofacial measures, including palatal length (Jones and Manning 1992; Table 1 ). Heads were processed at the Basic Science Research Laboratory in the Graduate School of Physical Therapy, Slippery Rock University. Crania were decalcified in a formic acid solution, paraffin embedded, and serially sectioned at 10-16 m. Testes and epididymides were processed similarly. Every 10th section was mounted on numbered glass slides and stained with hematoxylin and eosin. Sections were examined by light microscopy to qualitatively describe the VNO in each species.
Data analysis of the overall length and volume of the VNNE was accomplished at the University of Pittsburgh in the Image Processing Laboratory, Department of Anthropology. In each specimen, number of sections of known thickness in which the VNNE was found was counted for length calculation. Volume of the VNNE was obtained using a well-documented, 3-dimensional computer reconstruction technique (Siegel et al. 1983; Smith et al. 1996) . The right and left VNNE of each specimen were digitized directly from microscopic slides with an Olympus stereo zoom microscope with Panasonic WV-CD 130 camera attachment. Images were projected onto a SONY color monitor and structural aspects of the VNNE (Fig. 1 ) and adjacent bony structures (for alignment purposes) were traced manually to obtain an extracted image. As relevant sections were digitized, digitized coordinates of perimeters of the VNNE and structures used for alignment were stored automatically as boundary files. A program was used to rotate and translate adjacent boundary files until serial section alignment was verified visually. Those cross-sectional images were combined, and intermediate sectional boundaries (from missing sections) were interpolated to produce a 3-dimensional reconstruction of the VNNE. The sum of the areas of the digitized VNNE boundaries, including those of intervening interpolated sections, was used to compute volumes of the bilateral VNNE. Data were used to generate mean VNNE lengths and volumes for each species. Measurement validity (i.e., accuracy) of the technique has been well documented (Mooney 1986; Smith 1995; Smith et al. 1996) .
Ratios of VNNE lengths and volumes relative to somatic measurements also were calculated to control for differences that may be due solely to body size differences. Lengths and cube roots of volumes were compared as ratios (Table 2) using head length (rhinion-opisthion) and palatal length. Testicular weight also was compared as a ratio of body weight. Body weights were not used in ratios of VNNE measurements because head measurements showed less variation (Table  1) . Before statistical comparisons, ratios were converted using the arcsine transformation (Sokal and Rohlf 1981). Independent t-tests were carried out using SPSS/PCϩ 8.0 software (Norusis 1998.) to detect significant (P Ͻ 0.05) differences between species for all absolute measures and ratios.
Receptor density was quantified using a Leica DMLB photomicroscope. At 400ϫ, the VNNE was viewed using a 10 by 10 ocular grid, calibrated with a stage micrometer. Sections were selected at about the 25th, 50th, and 75th percentiles of the craniocaudal extent of the VNNE. b) The VNO epithelium comprises 2 types of epithelia (M. ochrogaster; scale bar ϭ 100 m), a vomeronasal neuroepithelium (VNNE) that is more extensive and thicker compared to the lateral receptor-free epithelium (RFE); VNNE primarily contains bipolar receptor cells (rc) but also includes supporting cells (sc) and basal cells (not indicated). For volumetric reconstructions, the entire perimeter of the VNNE and other structures (BC, NS; for alignment purposes) were manually digitized.
In each section, a specific grid box was placed over the VNO at 3 locations chosen to approximate dorsal, medial, and ventral regions of the VNNE. All cell nuclei that were visible within the grid box were counted, including nuclei that were judged subjectively to be one-half or more within the box. No correction factor was used because those data were compared only within our study. Number of nuclei in that grid box (0.025 by 0.025 mm) was multiplied to estimate number of nuclei per square millimeter. Cell counts from dorsal, medial, and ventral regions were then averaged for each specimen, and mean cell counts were calculated for each species. A Mann-Whitney U-test was used to compare cell counts because those data were not considered to be continuous.
RESULTS
In voles we collected, body weights ranged from 31.02 to 62.04 g in M. pennsylvanicus and 22.23 to 47.83 g in M. ochrogaster. Histologic examination of the testes and epididymides revealed that sperm was present in seminiferous tubules and epididymis in all specimens. In somatic measurements (Table 1) , M. pennsylvanicus was (P Ͻ 0.05) larger than M. ochrogaster in body weight and palatal length (ranges: 13.68-15.77 mm and 13.31-14.47 mm, respectively), but no differences (P Ͼ 0.05) were found between species in head length or testicular weight (Table 1) . Both species of Microtus exhibited generally well-developed VNOs (Fig. 1 ), which were similar to those described in other rodents (Addison and Rademaker 1927; Vaccarezza et al. 1981) . The VNO generally took the form of a tube that was cylindrical (oval or round in cross section) at rostral and caudal ends but with a lateral-dorsal concavity for most of its intermediate length. Following an anteriormost duct, the epithelium of each VNO was distinguished clearly into 2 distinct types: a receptor-free epithelium and VNNE. Quantification of VNNE was possible for all but 1 specimen (M. pennsylvanicus) in which the epithelium was flattened, rendering it difficult to distinguish receptor-free epithelium from VNNE. No differences (P Ͼ 0.05) were found between right and left VNNE in length (t ϭ Ϫ0.645) or volume (t ϭ 0.453). Thus, we arbitrarily used the right side for statistical comparisons.
In absolute length, the VNNE ranged from 2,700 to 3,500 m in M. pennsylvanicus and from 2,800 to 3,400 m in M. ochrogaster. In absolute volume, the VNNE ranged from 0.963 to 1.88 ϫ 10 Ϫ5 ml in M. pennsylvanicus and from 1.35 to 1.82 ϫ 10 Ϫ5 ml in M. ochrogaster. No differences (P Ͼ 0.05) were found between species in absolute length or volume of VNNE (Table  1) . Ratios of VNNE length with palatal length or body length and ratios of cube root of VNNE volume with palatal length, body length, or testicular weight were similar between species (P Ͼ 0.05; Table 2 ); no significant (P Ͼ0.05) differences were found. No differences occurred in receptor density between species (P Ͼ 0.05; Table  1 ).
Scatter plots of VNNE volume against selected measurements (Fig. 2) suggested that the 2 species have a similarly variable relationship of VNNE size with head measurements or testicular weight. Except for 1 specimen of M. pennsylvanicus, both species seemed to occupy a similar range of volume, with no evident positive or negative relationship to various body measurements. In contrast, testicular weight seemed to be correlated positively with increased body weight in both species (Fig. 2) .
DISCUSSION
Evolutionary (Dawley and Crowder 1995) and more proximate (neuroendocrine) influences (Segovia and Guillamón 1993) have been suggested to influence VNO size and vomeronasal receptor density in vertebrates. Regarding the VNO of rats, Guillamón (1993, 1996) specifically hypothesized that the greater VNO volume and receptor number of males inhibits expression of parental care in males. This hypothesis has not been tested using wild species of mammals where the genome and environment (internal or external) can have an influence on size of neural structures (Gahr 1994) .
Our study examined multiple measures of the VNO because no clear consensus has been reached on the relationship between length, volume, and receptor population of chemosensory structures, all of which have been used in quantitative studies (Dawley 1998; Dawley et al. 1999; Meisami et al. 1990; Segovia and Guillamón 1982) . Ratios also were used because several authors have questioned whether sex differences in VNO volume of rats (Segovia and Guillamón 1982) actually reflect proportional differences (Dawley 1998; Smith et al. 1997; Weiler et al. 1999b) . Even the importance of allometry is unclear (Dawley et al. 1999) ; for example, chemoreceptors may not exhibit the same neural relationship to body mass as noted for somatic afferent and efferent nerves (Gahr 1994) . In view of such uncertainties, our study allows examination of VNNE measurements in multiple parameters. Based on this sample, our findings do not support the hypothesis that VNNE size (absolute or proportional) or receptor density is smaller in males presumed to contribute more to care of offspring (M. ochrogaster- Oliveras and Novak 1986; Wilson 1982) . In fact, all VNO measurements were quite similar between species, whereas some skeletal variables differed significantly. The data from our sample might be expected to be more variable than those of controlled laboratory studies. However, the coefficient of variation of VNO measures was similar between our study (absolute measurements, 6.5-18.4%; proportions, 7.4 -10.2%) and laboratory studies on rats (calculated from data in Segovia and Guillamón 1982, 7.1-9.6%) or ferrets (calculated from data in Weiler et al. 1999a, 5.4-13.7% ). This indicates surprisingly little variation in VNO size, despite large variation in other parameters (such as body weight).
Also apparent was that the male reproductive organs of both species have a positive allometric relationship with somatic measures, but VNNE measures do not. This is in keeping with conflicting findings on the influence of androgen levels on VNNE size (Segovia and Guillamón 1982; Weiler et al. 1999a) . Such results suggest, at least in some species (cf. Weiler et al. 1999a) , that development of the reproductive system is not linked specifically to postnatal size of the VNNE or that multiple factors influence postnatal VNNE size. Such a link may be found earlier in ontogeny, especially in light of the perinatal influence of androgens on VNO size in the rat (Segovia and Guillamón 1982) .
Studies that address the relationship between VNO size and behavior are relatively scarce. Our results indicate similar VNNE size between 2 closely related species, despite different levels of paternal tendencies noted by other investigators (Gruder-Adams and Getz 1985; Oliveras and Novak 1986; Wilson 1982) . More studies are needed to determine if our results are valid in differing seasonal contexts or different species.
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